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INTRODUCTION 
Ion beam material modification is currently being used for several important technological 
applications such as semiconductor doping [1], surface modification of metals [2], cold 
etching [1], micro machining [1] and material analysis [3]. Ion beam processing has many 
advantages [4]. The speed, homogeneity and reproducibility of the doping process are easily 
controlled. Tight control of the number of doping atoms is possible. Low purity dopants 
can be used. The target can be kept at low temperatures allowing for low melting 
temperature materials to be modified. Simple masking methods can be employed and doping 
can be performed through passive films. Low penetration depths can be achieved and 
multiple implantations can produce varied doping profiles. Devices with small dimensions 
can be manufactured due to the small size of the ion beam. Since ion implantation is not an 
equilibrium process, equilibrium solubility limits of the ion species in the target material can 
be exceeded. There are some disadvantages of this type of doping process. Damage is 
caused to the crystal structure creating defects. Implantation is limited to near-surface 
regions and theoretical profiles can be difficult to obtain due to effects of channeling and 
diffusion [5]. 
This work seeks to understand the mechanisms responsible for generating ultrasonic 
waves during ion beam interactions with the target material. It has been proposed that the 
mechanism appears to be a thermoelastic heating source [6]. The expected source 
mechanisms would be a combination of thermoelastically generated acoustic waves, similar 
to those generated by a laser source in the thermoelastic regime, with the addition of a 
momentum contribution, due to the ion momentum. The relative contribution of each source 
can be calculated and time-resolved waveforms can be produced. By comparing the 
calculated results with experimentally produced data, the relative contribution of momentum 
and heating in the acoustic generating source mechanism can be determined. It would also be 
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expected that the momentum contribution relative to heating would increase as the ion energy 
decreases. Therefore, we desire to perform experiments at two energy regimes. The first 
regime is at high ion energies (Me V) where implantation is dominant and the second regime 
is at low ion energies (ke V) where sputtering is a dominant feature. 
EXPERIMENTAL 
Time-resolved acoustic waveforms have been generated using pulsed high energy ion 
beams. Me V ion experiments were performed at Los Alamos National Laboratory in their 
Ion Beam Materials Laboratory [7]. Data was collected from a half inch and a one inch thick 
2024 T35l aluminum alloy plate. The ions were 7 to 12 MeV silicon +3 ions produced from 
a solid silicon source and accelerated by a 3 MV tandem accelerator. The ion beam was pulse 
modulated with a width of 650 nanosecond and a repetition rate of 5 microseconds. A 
metallized mylar sheet was attached to the back of the sample to insulate the transducer from 
the sample. A piezoelectric film, (polyvinldene fluoride, PVDF), transducer was attached to 
the back of the sample to detect the acoustic signals. These acoustic signals were amplified 
by a preamp and averaged using a digitizing oscilloscope before being stored on a computer. 
The ion pulse shape, length and current magnitude were measured using a Faraday cup. 
Magnets and a bias voltage were placed at the entrance of the Faraday cup to prevent current 
leakage from the cup. The Faraday cup signal was used to calculate the current per ion pulse 
and the total energy per ion pulse. It was also used to normalize measurements from 
different runs. 
RESULTS 
Experimental time-resolved waveforms were collected for both the one and the one-half 
inch aluminum plate samples. The acoustic data presented in this paper was taken as a 
function of the distance the ion beam was from an epicentrally placed detector on the back 
surface of the sample. This distance was converted to an offset angle which is defined as the 
angle between the surface normal at the point of ion impact and the line to the detector 
position. Amplitudes as a function of angle for longitudinal and shear waves were obtained. 
Data was collected for different ion energies, but only the 12 MeV ion energy data set is 
presented in this article. 
Theoretical waveforms have also been generated for both a thermoelastic heating source 
and for a normal force (modelling the contribution from the ion momentum) [8]. The 
theoretical waveforms are compared to the experimental waveforms at epicenter and at 43 
degrees. The signal amplitude for the theoretical waveforms is surface displacement. The 
signal magnitude for the experimental waveforms is relative since the transducer is not 
calibrated to yield a displacement from the measured voltage. Hence, the theory and 
experimental waveforms have been normalized at the peak amplitude for the longitudinal plus 
shear arrivals. 
The experimental and theoretical time-resolved waveforms were obtained as a function of 
the beam offset angle and the resulting angular distribution was used to help determine the 
acoustic wave generation mechanisms. 
DISCUSSION 
Velocity Measurements 
The experimental time-resolved waveforms obtained using the ion source were used to 
measure the transit times for the longitudinal and shear waves. From the measured times, the 
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sound velocities in the sample can be calculated. The velocity values could then be compared 
to standard values of the velocities obtained by conventional ultrasonics. Figure 1 shows the 
features used to measure the transit times by conventional ultrasonics for the longitudinal and 
shear waves at two different angles for the one inch aluminum sample. Table 1 compares 
the values for the longitudinal and shear wave velocities measured by a 10 MHz ultrasonic 
transducer with values calculated from ion data using the half inch aluminum sample and the 
one inch aluminum sample. As shown in Table 1, the longitudinal and shear velocities are in 
good agreement. The values for the longitudinal velocity, VL, shows a larger variation than 
the shear velocity, Vs, possibly because the amplitude of the longitudinal wave signal was 
smaller making the measurements less accurate. 
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Figure 1 Features used to calculate the longitudinal and shear velocities for a one inch thick 
aluminum plate at epicenter and 43 degrees. 
Table 1 Longitudinal and Shear Velocities. 
V S (mm/Ils) 
6.48 3.19 10 MHz Ultrasonic Transducer 
6.25 3.13 1/2" Aluminum Data 
6.32 3.11 1" Aluminum Data 
6.3 3.1 Book Value for Pure Aluminum 
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Figure 2 Observed versus theoretical normalized waveforms at epicenter and at 43 degrees 
for a half inch thick aluminum sample and a 650 ns pulse. 
Theoretical versus experimental waveforms 
Theoretical waveforms have been computed for a thermoelastic laser source at epicenter 
and at 43 degrees [8]. Figure 2 compares the theoretical waveforms and the ion generated 
waveforms at two angles normalized at the peak amplitude for the longitudinal plus shear 
wave arrivals. The waveforms in Figure 2 are similar in shape, with the greatest deviation 
being where the waveform recovers after the shear wave arrival. The recovery of the 
experimental epicenter waveform after the shear wave may be an artifact of the detection 
system since it is only sensitive to AC signals. The theoretical waveforms are sensitive to 
both AC and DC signals. The experimental epicentral waveform also has a larger negative 
deflection in the wash, which is that region of the waveform between the longitudinal wave 
arrival and the shear wave arrival. 
Longitudinal and Shear Wave Directionality Dependence 
Scruby has shown that the magnitude of laser generated longitudinal and shear waves in 
the thermoelastic regime vary as a function of angle from epicenter [9]. He has also shown 
that the longitudinal and shear wave amplitudes change in going from the thermoelastic to 
ablative regime. The calculated directionality magnitude plots for a laser source on a half 
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sphere are shown in Figure 3. The major cause for the difference between the thermoelastic 
and ablative patterns is said to be a second source associated with the momentum of material 
removed during ablation. Similar patterns might be expected for ion generated signals 
because of the momentum of the ions working in combination with a thermoelastic wave 
generation mechanism. 
Figure 4 shows directivity plots for ion generated longitudinal waves from a half inch and 
a one inch aluminum plate sample. Also shown are calculated directivity plots for a 
thermoelastic source on a half inch plate and the theoretical plot from Figure 3c geometrically 
corrected for a plate by multiplying by the cosine of the angle. All plots in Figure 4 have 
maxima close to fifty degrees. This indicates that the signal detected during the ion 
experiments was dominated by thermoelastic mechanisms. 
a) 
b) 
Figure 3 Theoretical laser ablation and thermoelastic directionality magnitude response [9]. 
a) longitudinal, ablation. b) shear, ablation. c) longitudinal, thermoelastic. 
d) shear, thermoelastic. 
Theoretical thermoelastic and modelled momentum waveforms 
Figure 5 shows the calculated waveforms for a thermoelastic laser source and for an 
impulse normal force of the same duration as the thermoelastic source. The normal load is 
intended to model the effect of momentum transfer from the ion beam to the sample. The 
combined response of both sources is shown with a relative amplitude coming directly from 
the theory. No adjustment parameters were used. The waveform for the normal force has a 
similar shape to that of an ablative laser generated source. Experimentally, the waveforms 
generated during the ion experiments resemble the thermoelastic source, not the surface 
normal source or a combination of the two. 
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Figure 4 Longitudinal directionality plots for theory and experiments. 
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Figure 5 Theoretical thermoelastic and surface normal waveforms at epicenter and at 43 
degrees for a half inch thick aluminum sample and a 650 ns pulse. 
CONCLUSIONS 
The time-resolved acoustic waveforms generated during ion implantation are similar to 
those generated by a laser in the thermoelastic generation regime. The velocities of the 
longitudinal and shear waves assure that we are detecting acoustic waves. The waveforms at 
epicenter and at 43 degrees and the directionality plots all indicate that the ion momentum has 
not significantly contributed to the signal detected. It appears that the ions at the ion energy 
presented in this work act as a thermoelastic heating source. We assume that as the ion 
penetration depth decreases, the momentum effects will increase relative to heating effects. 
We plan to perform experiments with lower energy ions where there should be a greater 
relative momentum contribution to the signal. 
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